Postoperative MRI and iCT show equivalent DBS lead representation. Intraoperative localization of both microelectrode and DBS lead in stereotactic space enables direct adjustments. Verification of lead placement with postoperative MRI, considered to be the gold standard, is unnecessary.
Introduction
Deep brain stimulation (DBS) has become a widely performed surgical procedure for patients with movement disorders such as Parkinson disease, dystonia, and essential tremor [1] [2] [3] . Accurate lead placement in the intended target is of outmost importance for achieving maximal symptom suppression and minimizing potential stimulation induced side effects [4, 5] . Advances in imaging have enhanced direct target planning and postoperative lead localization, but intraoperative verification of the (micro-)electrode position in relation to intended target coordinates remains challenging.
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Abstract Objective: To determine the accuracy of intraoperative computed tomography (iCT) in localizing deep brain stimulation (DBS) electrodes by comparing this modality with postoperative magnetic resonance imaging (MRI). Background: Optimal lead placement is a critical factor for the outcome of DBS procedures and preferably confirmed during surgery. iCT offers 3-dimensional verification of both microelectrode and lead location during DBS surgery. However, accurate electrode representation on iCT has not been extensively studied. Methods: DBS surgery was performed using the Leksell stereotactic G frame. Stereotactic coordinates of 52 DBS leads were determined on both iCT and postoperative MRI and compared with intended final target coordinates. The resulting absolute differences in X (medial-lateral), Y (anterior-posterior), and Z (dorsal-ventral) coordinates (ΔX, ΔY, and ΔZ) for both modalities were then used to calculate the euclidean distance. Results: Euclidean distances were 2.7 ± 1.1 and 2.5 ± 1.2 mm for MRI and iCT, respectively ( p = 0.2). Conclusion:
Currently anteroposterior (AP) radiography and lateral fluoroscopy are widely implemented during DBS surgery in order to localize both microelectrode and DBS lead [6] . Intracerebral structures are not shown and converting these two-dimensional modalities to euclidean space necessitates software that is not available in every center [7] . Ideally, three-dimensional (3D) imaging is done after each DBS lead placement with the patient still in the operating room so that any necessary electrode repositioning can be performed immediately. In recent years, intraoperative magnetic resonance imaging (MRI) and computed tomography (CT) have become available in some operating room suites.
In our institution, the transportable flat-panel CT imaging system Medtronic O-arm (Medtronic Inc., Minneapolis, MN, USA) is used. The O-arm is essentially a Carm with a telescoping gantry and has been used in spinal surgery to obtain intraoperative CT (iCT) imaging for a longer period of time [8] . Whether O-arm iCT offers accurate lead representation is open for debate. Two studies compared both modalities in frame-based DBS surgery and showed that iCT and postoperative MRI have highly similar lead representation. However, euclidean distances differed which hampers definitive conclusions [9, 10] .
To address this issue and examine whether iCT can provide useful data during DBS surgery, lead tip coordinates on iCT were determined and compared with those on corresponding postoperative MRI, which is considered to be the gold standard for assessment of electrode location.
Methods
Patients
During the period from August 2011 to February 2013, information was collected from all patients who underwent microelectrode recording (MER)-guided DBS implantation using the Medtronic O-arm at the Rush University Medical Center, Chicago, IL, USA. This study was approved by the institutional review board.
Surgical Procedure
The surgical procedure of DBS placement is described in detail elsewhere [11] . The same team of movement disorder neurologist (L.V.M.) and neurosurgeon (R.B.) determined preoperatively for each individual case if iCT would be implemented during surgery. In staged bilateral procedures, preference was occasionally given to usage of AP radiography [6] .
After placement of the final DBS electrode an iCT was performed, and in bilateral cases an iCT was performed following placement in each hemisphere. In order to monitor microelectrode positioning, iCT was also performed after the first MER trajectory was completed. When additional MER trajectories were made, an iCT was also performed after each trajectory in order to confirm intended movement in the vast majority of cases.
The iCT was positioned concentric with the patient's head after the Alpha Omega (Alpha Omega, Nazareth, Israel) system was set up to perform the first MER. Concentric positioning is of importance in order to obtain the highest possible resolution of the entire skull. All cranial bone structures are to be displayed so that subsequent co-registration reaches optimal accuracy. After transferring iCT images to the Stealthstation (Medtronic Inc.) co-registration with preoperative stereotactic MRI was performed. When this did not result in sufficient imaging overlap or electrode representation was of poor quality, for example due to movement artefact, a new iCT was acquired. Anatomical and stereotactic evaluation of electrode artefact was done for the entire trajectory course. Throughout surgery, the iCT scanner remained in the same position. Once the final lead was placed and iCT confirmed adequate placement, the device was removed from the operative field. We used "standard mode" of the O-arm with 120 kVp and 128 mAs. Contrast resolution with these settings is insufficient for full view of intracranial structures as brain parenchyma and ventricles [12] .
The O-arm itself emits an effective radiation dose of 0.5 mSv per standard 3D spin for a small head protocol, which is the protocol used in our frame-based DBS procedures. We applied a maximum of 5 O-arm iCTs per patient, therefore, the maximum total radiation dose will not exceed 2.5 mSv. This total radiation dose is less then when using lateral fluoroscopy or AP radiography [13] .
Lead Tip on MRI and iCT
Both iCT and postoperative MRI were co-registered to preoperative stereotactic MRI in order to register in cartesian coordinates ( Fig. 1 ). Lead tip coordinates were determined on both modalities in order to evaluate placement accuracy. A lead artefact appears differently on MRI compared to iCT, and therefore, each requires a different approach in lead tip determination. In vitro and in vivo MRI DBS lead measurements have shown that the ellipsoid shaped artefact extends approximately 1.4 mm over the proximal limits of the contact [14] . The actual beginning of contact 0 is characterized by a discrete round signal void and is best used for DBS lead measurements [15] . Flat panel iCT (such as O-arm) offers high spatial resolution; the lead artefact appears as a clear hyperdense signal in the obscured (after windowing) intracranial space. The bottom of contact 0 is identified at the most caudal point of lead artefact. Usage of 3 different planes (axial, sagittal, and coronal) and "trajectory view" allowed for a good geometric approximation of the actual electrode tip for both modalities. By using the "look ahead" view on the Framelink software (Framelink 5.1, Medtronic Inc.), a clear point of lead beginning can be determined by sliding into the artefact by using submillimetric steps. In both MRI and iCT, the center of artefact was chosen due to the fact that in a vast majority of cases the artefact is concentrically shaped. Microelectrode tip coordinates were determined on iCT in order to evaluate both placement accuracy and intended movement of microelectrodes during surgery ( Fig. 2 ) . Placement accuracy was evaluated by analyzing the first central microelectrode pass in each hemisphere (not any simultaneous placed channels). Movement was evaluated by analyzing microelectrode tips of second, third, and fourth microelectrode passes (if performed). The influence of subdural air volumes on lead placement accuracy was evaluated. Subdural air volumes were measured by usage of volume of interest. An overlay was created for every slice containing subdural air,
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Statistical Analysis
For both postoperative MRI and iCT absolute, directional and euclidean distances between intraoperative expected target coordinates and measured lead tip coordinates were calculated. For iCT absolute, directional and euclidean distances were also calculated for microelectrode placement. The euclidean distance,
is the total distance in 3D space and represents our main outcome measure. The calculated differences (euclidean, absolute, and directional) were compared using the Student t test. Numbers are given with standard deviation, and statistical significance was defined as p < 0.05. In order to determine a possible influence of intraoperative subdural air volume on placement accuracy the Pearson correlation was used.
Results
Lead Placements and MER Trajectories
A total of 52 leads were placed in 32 patients. There were 19 male and 13 female patients, and their average age at surgery was 61 years. Twenty patients underwent bilateral DBS placement, 12 patients underwent unilateral placement. The left side was operated on first in 10 bilateral cases. Target structure was subthalamic nucleus in 34 placements, globus pallidus internus (GPi) in 12 placements, and ventral intermediate nucleus of the thalamus (VIM) in 6 placements. Of the evaluated MER trajectories, 50 were first passes, 29 were subsequent passes (second, third, or fourth).
Lead Representation on MRI and iCT
The mean euclidean distance measured with postoperative MRI was 2.7 ± 1.1 versus 2.5 ± 1.2 mm using iCT ( p = 0.2). No statistical difference was found between leftand right-sided placements.
The absolute mean X, Y, and Z distances measured on MRI were 1.3 ± 1.1, 1.0 ± 1.0, and 1.7 ± 1.1 mm, respectively. The absolute mean X, Y, and Z distances measured on iCT were 1.3 ± 1.0, 1.3 ± 1.1, and 1.3 ± 0.9 mm, respectively. Only the difference found in the Z distance was statistically significant ( p = 0.01).
By comparing directional distances of the 2 modalities, we were able to determine if a systematic directional difference occurred in lead representation. The average distances measured on MRI for X, Y, and Z were 0.7 ± 1.5 mm medial, 0.5 ± 1.3 mm posterior, and 1.5 ± 1.3 mm ventral, respectively. The average directional distances on iCT for X, Y, and Z were 0.8 ± 1.4 mm medial, 1.0 ± 1.4 mm posterior, and 0.7 ± 1.4 mm ventral, respectively. Differences in the AP and dorsoventral direction were statistically significant ( p < 0.01). 
Microelectrode Representation on iCT
The mean euclidean distance of the first (central) microelectrode trajectory was 1.7 ± 0.8 mm. This was significantly smaller than euclidean distances calculated with final lead placement for both iCT and MRI ( p < 0.01). There was no difference between left-and rightsided trajectories.
A total of 29 iCTs were made in order to evaluate intraoperative microelectrode movement. A second iCT for microelectrode evaluation was made in 22 placements, a third in 5 placements and a fourth in 2 placements. When a 2-mm microelectrode movement was made using a 5-channel micro-drive (not changing frame settings), which was performed 27 times, an average step of 1.9 ± 0.7 mm was measured. The direction of intended movement (in the medial-lateral and anterior-posterior plane) was confirmed by iCT in all cases.
Subdural Air Volume, Number of MERs and Accuracy of Lead Placement
In 24 patients, subdural air volumes were measured. The average subdural air volumes after DBS placement were 11.6 ± 9.6 and 7.9 ± 6.3 mL for right and left, respectively. The euclidean and absolute distances measured on MRI and iCT after lead placement did not significantly correlate with air volume. Subdural air increased with each subsequent microelectrode track, with the largest infusion of air seen after the first track. The mean increase in air volume (of all patients) measured was 11.0 ± 6.8 mL after the first microelectrode trajectory, 3.0 ± 4.5 mL after the second, and 2.4 ± 2.8 mL after the third. In 6 cases, subdural air collections could not be determined due to suboptimal representation of patient cranium on iCT. The frontal bone (cavity of frontal sinus) was not entirely displayed in these cases. In 2 cases, iCT could not be correctly displayed (loaded) in the free online software (MRIcro) that was used.
Discussion
Comparison of Postoperative MRI and iCT
We compared lead representation on iCT with that on postoperative MRI and found comparable euclidean distances. This indicates that iCT provides reliable information regarding lead placement. When the desired placement is confirmed with iCT, the need for an postoperative MRI is obviated.
Absolute and directional mean differences in lead representation in our study were ≤ 0.5 and ≤ 0.8 mm for the X, Y, and Z coordinates, respectively. Placement error of the Leksell system exceed these; hence, we feel that differences in lead representation on MRI and iCT are not clinically relevant [11, 15] . The differences were largest in the dorsoventral plane where a more dorsal lead tip localization on iCT was noted. Determination of the lead tip in this plane is usually most challenging, especially on MRI which in general produced a more gradual beginning of an electrode tip. As stated in the method section, MRI creates an ellipsoid-shaped artefact which may have contributed to differences found in the dorsoventral plane.
Intraoperative Subdural Air and Stereotactic Accuracy
No correlation was found between subdural air volume and placement accuracy (both euclidean and absolute) of lead trajectory. This in is agreement with Shahlaie et al. [9] and Sharma and Deogaonkar [16] . Both groups have also used the O-arm for determination of intraoperative pneumocephaly. This suggests that accuracy of lead placement, when measured intraoperatively, is not (or not significantly) influenced by subdural air. Possible influence of subdural air volume on brain shift during DBS procedures has been described extensively [17] [18] [19] [20] . Although postoperative MRI indicates shift of both anterior and posterior commissure, exact influence on accuracy of lead placement is less clear. Subdural air is more clearly delineated on iCT compared to MRI. However, intracerebral structures as the anterior and posterior commissure cannot be determined on iCT which makes measuring shift of subcortical structures not feasible. We cannot exclude that air volumes larger than those measured in our series could be of direct influence on lead placement.
iCT and DBS in the Literature One paper described the use of O-arm during framebased DBS surgery and compared its lead representation with that of postoperative MRI. Shahlaie et al. [9] compared euclidean and absolute differences (calculated differences between iCT and MRI lead tip localization) of 24 lead placements. They measured an average euclidean difference of 1.7 mm and concluded this to be statistically different from zero. Had they calculated euclidean distances of lead placement for both iCT and MRI and subsequently compared these, then possibly no significant difference would have been found. In addition, their absolute differences between both modalities did not differ significantly and were small enough (less than 0.5 mm) to be considered not clinically relevant [11, 15] .
Mirzadeh et al. [10] described the use of an intraoperative multidetector CT (not the O-arm) for 48 lead placements. For MRI and iCT, they found euclidean distances of 1.6 and 1.1 mm, respectively. The authors stated that the difference found is largely attributable to error in measurement by the observer.
Although the radiation dose using O-arm is estimated to be lower compared to fluoroscopy, the radiation applied is not benign. Care must be taken to limit the number of passes performed, thereby reducing effective radiation exposure [13] .
In agreement with our findings, both groups consider iCT as a possible replacement for postoperative MRI for lead evaluation of lead placement [9, 10] . Several advantages and disadvantages, considered by our group, using O-arm during DBS procedures are shown in Table 1 .
Study Limitations
Occurrence of possible lead repositioning though iCT findings and prevention of reimplementation surgery was Table 1 . Advantages and disadvantages of using the O-arm during DBS procedures Advantages -The O-arm is a C-arm-based flat panel volume CT and combines both CT and fluoroscopy function. This is an advantage compared to intraoperative multidetector systems, as millimetric adjustments in the dorsoventral plane could be verified by using fluoroscopy (which is more easily done than using repetitive iCT). -Image acquisition, for 3D, is around 13 s, so that the surgical time is not notably prolonged. Acquisition time is considerably faster compared to intraoperative MRI [20] . -High spatial resolution of flat-panel iCT enables direct evaluation of microelectrode trajectories. While this was not the primary goal of our study, we found the possibility of evaluating both microelectrode placement and movement highly useful. -Using a high-definition optical enhancement mode enables detecting occurrence of a (small) hematoma in the trajectory course. -Different position settings can be saved by the O-arm, which allows simple switching between the established position for surgical proceedings versus that for performing imaging. -Although not implemented by our group, an interesting application of iCT is to replace conventional preoperative stereotactic CT. The field of view is modified in the latest version of the O-arm so that performing registration series using the Leksell frame is enabled. 
Conclusion
Postoperative MRI and iCT show equivalent DBS lead representation. Intraoperative localization of microelectrode and DBS lead in stereotactic space enables direct adjustments. Verification of lead placement with postoperative MRI, considered to be the gold standard, is unnecessary.
